INTRODUCTION
The aerobic metabolism of most animals requires a sufficient supply of oxygen to internal tissues. Gas-exchange in insects and other terrestrial arthropods is mediated via trachea that enable the transport of oxygen from the atmosphere to the inner organs. For this reason, respiratory proteins have been regarded as unnecessary in most insects. Only in species that are adapted to an hypoxic environment were considered as sporadic exceptions: the aquatic larvae of the chironomid midges (1), some aquatic Hemiptera (2, 3) and the larvae of the botfly Gasterophilus intestinalis (4, 5) , which live in the horse stomach, possess hemoglobins (Hbs).
Insect Hbs may either occur freely dissolved in the hemolymph (Chironomidae) or accumulate in specialized tissues, mostly tracheal or fat body cells (6) . Typically, the Hbs of these species reach concentrations in the millimolar range and thus may easily be identified due to the red color of the organs or the hemolymph. However, recently we showed that a hemoglobin gene is present and expressed in the fruitfly Drosophila melanogaster (7) . The Hb gene of Drosophila (glob1) is located on chromosome 3 at position 89A13-B1. It shares significant sequence similarity with the extracellular Hbs from Chironomidae, but the highest identity score was found with the intracellular Hb of the botfly G. intestinalis (39% identity and 64% similarity of the amino acids).
The identification of an Hb in Drosophila, which was unexpected at the first glance, suggested the possibility that a respiratory protein is part of the standard genetic repertoire of insects. Such an assumption is supported by the molecular phylogenetic analysis, which shows a close association of the different insect Hbs, including the chironomid extracellular Hbs (7) . The physiological role of intracellular Hbs, which are mostly expressed at low levels in many invertebrate taxa, is not well established. Intracellular Hbs may enhance the diffusional transport of oxygen from the extracellular medium to the mitochondria (8, 9) . Others might be involved in oxygen sensing (10) or have enzymatic functions (11, 12) . To understand the role of the 
MATERIALS AND METHODS
Cloning and purification of recombinant Drosophila Hb. The Drosophila Hb coding region (EMBL/GenBank TM accession number NM_079645) was cloned into the pET3a expression plasmid using the NdeI and BamHI restriction sites. The recombinant plasmid was transformed into E. coli strain BL21(DE3)pLysS. Cells were grown at 25°C in TB medium containing 200 µg/ml ampicillin, 30 µg/ml chloramphenicol and 1 mM δ-amino-levulinic acid.
Hb expression was induced at A 600 = 0.8 by the addition of isopropyl-1-thio-β-Dgalactopyranoside to a final concentration of 0.4 mM. After 14-18 hrs, the reddish bacteria were harvested and dissolved in 50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.5 mM dithiotreitol. The bacteria were broken with three freeze-thaw cycles, followed by sonication. The debris was removed by two centrifugation steps (10 min 10.000 × g and 60 min 105.000 × g). RNA preparation and RT-PCR. Total RNA was isolated using the guanidiniumisothiocyanate method (14) . For the RT-PCR experiments cDNA was synthesized with the Superscript TM II reverse transcriptase (GIBCO-BRL Life Technologies, Karlsruhe, Germany) using a specific primer, and amplified by PCR using nested primers. Appropriate water and extraction controls have been included in all analyses. 5' RACE assays were carried out with a series of nested oligonucleotide primers using the kit from GIBCO-BRL Life Technologies. The PCR products were purified from agarose gels and directly sequenced. EST (expressed sequence tag; 15) sequences were obtained from the Berkeley Drosophila Genome Project (BDGP) database using the BLAST algorithm (16).
Whole-mount in situ-hybridization. Digoxigenin-labeled anti-sense RNA probes were produced using the ROCHE in vitro-transcription kit according to the manufacturer's instructions.
Non-radioactive in situ-hybridization with embryos, larvae and adult Drosophila was essentially performed according to the method of Tautz and Pfeifle (17) . Briefly, the embryos were fixed for 20 min in 50% heptan, 5.5% formaldehyd in PBT ( PBT. Detection was carried out using nitro-blue-tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate, and specimens were post-fixed in 3.7% formaldehyde in PBT, washed with PBT and stored in 70% glycerol.
RESULTS
Ligand binding properties. The Drosophila Hb was recombinantly expressed in the bacterial pET3a system and purified by ammonium-sulfate precipitation and chromatography.
The protein elutes as a monomer in size exclusion chromatography of about 17 kDa (not shown).
The absorbance spectra were recorded between 350 and 710 nm ( or 30 ms by the flash photolysis technique. The CO association rate is best determined at high levels of CO (1 atm), where the kinetics has little contribution from the histidine; at sufficiently low levels of CO, histidine binding is favored and one observes essentially the His on rate.
As for other Hbs, there is a higher affinity for CO, although oxygen association is about 5 times faster than CO-binding (64 × 10 6 M -1 s -1 and 13 × 10 6 M -1 s -1 , respectively). These 9 conditions allow use of a mixed O 2 /CO atmosphere to study competition between these two external ligands. After photodissociation, a certain fraction will bind oxygen, followed by a slow replacement reaction for the return to the CO form. As for the case of histidine, this experiment allows a determination of both the oxygen on and off rate; the off rate was 1/s as compared to 1.1/s from the stopped flow method. The rate coefficients are summarized in Table 1 . The overall oxygen affinity calculated for Drosophila Hb from the kinetic measurements is 0.18 Torr (flash photolysis technique) or 0.14 Torr with the stopped flow rates, as compared to 0.12 Torr for direct measurements using the tonometer. identified in these analyses. In both, the larvae and adults, transcripts A, C and D were detected.
Structure of the
In embryos, we could only find transcripts A and C, while the EST dataset contains few embryonic entries for transcript B. No differences between male and female adults have been observed. The transcription start site of transcript A, which is the major form in all investigated stages, was determined by 5'-RACE (Fig. 2) . (Fig. 2) .
Detection of the Drosophila Hb mRNA and protein. In situ-hybridization experiments
were performed on different developmental stages using Digoxigenin-labeled anti-sense RNA probes encompassing the complete glob1 coding region ( Fig. 4 ; Table 2 ). Labeled sense RNA was used in control experiments and resulted in either no or only diffuse background-staining (not shown). Embryos of stages 1 through 5 showed the presence of Drosophila Hb mRNA in the whole embryo (Fig. 4A) , whereas no staining was observed in stages 6 through 10. Expression of Hb mRNA in the yolk sac and in vitellophages was observed in later developmental periods (stages 11 through 15) ( developing fat body (Fig. 4C) . Tracheal expression was found in stage 15 and older embryos. In this stage, additional staining of the pharynx was observed. In the larvae, Hb mRNA is expressed in fat body cells (Fig. 4D) , and the terminal cells of the tracheal system (Fig. 4E ). In the adult fly, Hb expression was observed in the tracheoles and terminal cells (Fig. 4F) , as well as in fat body cells that are associated with organs such as the gonads (Fig. 4G) . Hb is also expressed in late oogenesis (Fig. 4H ).
Western blot analysis shows a single band in the range of 17 kDa in larvae, adult heads and adult abdomen (Fig 5A) . No other protein was stained in these analyses. Immuno-staining experiments on larval and adult tissues confirm the in situ data, and show hemoglobin expression in the trachea and fat body tissues. The strongest staining was found in the fat body of the adult head ( Fig. 5B-E ).
DISCUSSION
The presence of an Hb in D. melanogaster (7) is surprising because, among insects, only those species living under pronouncedly hypoxic conditions were thought to require a respiratory protein. Ironically, even after determination of the complete genomic sequences of D.
melanogaster (18) , the occurrence of a hemoglobin-like gene in this species was denied (20) .
Here we have shown that the Drosophila Hb exhibits ligand binding properties and expression patterns that resemble those of other known insect globins (6) . These similarities suggest a common, conserved function of the intracellular Hbs in insect physiology and lead us to conclude that insect respiration may be more complex than previously thought.
Drosophila Hb is a hexacoordinated globin with high oxygen affinity. Recombinantly expressed Drosophila Hb is a monomer with a M r of about 17 kDa (Fig. 5A) Based on a sequence alignment (7), the proximal (F8) and distal (E7) residues of Drosophila Hb 
Function of intracellular hemoglobins in Drosophila and other insects.
There is little difficulty to associate the expression of Hbs at high levels with their function in oxygen storage and transport (6) . The total expression level of the Drosophila Hb, however, appears to be lower compared to the classical insect globin models. Nevertheless, similar oxygen affinity (Table 1) The on and off rates were measured at 25°C, using the flash photolysis technique; the histidine on 
